Nuclear charge-independence-breaking interactions are studied by analyzing mass differences of isospin multiplets in sd-shell nuclei. It is shown that, being consistent with the results of low-energy NN scattering, the pn interaction is 2-3% more attractive than the like-nucleon interactions, and the one-and two-pion exchange potentials which originate from (n°, n±) mass difference account for about 70% of the observed charge independence breaking, after Coulomb contributions are subtracted. The mass differences of isospin multiplets are well explained by introducing a supplementary phenomenological potential which, together with the pion-exchange potentials, reproduces the 1 So-state scattering length. § 1. Introduction
The charge independence of NN interaction is an important assumption in nuclear physics, and the associated quantum number, isospin, has been used in labelling nuclear states. It is, however, clear that the isospin symmetry is slightly broken. The isospin-symmetry breaking manifests in various phenomena. In this paper, we discuss mass splitting among members of an isospin multiplet in many-body systems, focusing on the charge independence breaking (CIB) of nuclear interactions.ll
The CIB is obvious in low-energy NN scattering. A significantly large difference is observed in the 1 So-state scattering length between the proton-neutron and likenucleon systems, apn= -23.75±0.01 fm, app= -17.3±0.8 fm, ann= -18.5±0.3 fm.
2 H> From these scattering lengths one obtains LlaciB=(ann+app)/2-apn=+5.85±0.6fm.
This indicates the pn interaction to be more attractive than the average of the PP and nn interactions by approximately 2%.
The most important source for the CIB of NN interaction in meson theory is the mass difference between the charged and neutral pions, I) mn±-mno=4.5936(5) Mev /c 2 , 7 ) which is about 3% of the pion mass. In one-pion exchange (OPE), only Jr 0 can be exchanged between like nucleons, while charged pions can also be exchanged in the pn system. There have been two systematic theoretical studies on 2Jr-exchange (TPE) contributions to the CIB in the 1 So scattering length.s>-ro> Ericson and Millers> followed the field theoretical prescription of Partovi and Loman, n> who assumed nucleon intermediate states in the TPE box and crossed-box diagrams. On the other hand, Cheung and· Machleide> calculated TPE contributions based on the Bonn potential/ 2 > including NN, NLI and LILI intermediate states, and found that there are substantial cancellations between the box and crossed-box diagrams, and between those involving one and two L1 isobars. The OPE and TPE contributions to the LlaciB of·Ericson and Millers> agree fairly well with those of Cheung and Machleide> after rescaling 5 > according to the prescription given by Ref. 8) , and amount to about 70% ~ 80% of the observed CIB in the 1 So-state scattering length. The remaining fraction can be explained by the exchange of Jry,s>,r 3 >' 14 > Jrp, JrO and Jrw. 9 >
Ericson and Millers> also showed that a difference between n°NN and n±NN coupling constants has little effect on CIB, regardless of the difference, due to strong and systematic cancellations between OPE and TPE. There is no clear evidence, within rather large experimental uncertainties, for the charge-dependent coupling constants. 15 > The rho meson exchange, which is an important ingredient for the NN interaction, would not give rise to a significant effect on ClB, since the mass difference, mp±-mpo= -0.3±2.2 MeV /c 2 ,7l is at most 0.3% of the total mass.
Effects of nuclear ClB interactions might appear also in three-body systems. Wu et al. calculated binding energies of 3 He and 3 H, and the inclusion of nuclear CIB interactions led to a better agreement between the experimental and theoretical mass differences of these nuclei. 16 > The analyzing powers of low-energy nucleon-deuteron elastic scattering imply a large charge dependence of NN interaction, and the discrepancies between the theoretical and experimental analyzing powers are removed by introducing essentially a ClB in the 3 Po channel, within uncertainties in the experimental phase-shifts of NN scattering. 17 > Thi~ large charge dependence in P states has not been confirmed/s>. 19 > and is a problem to be resolved.
Theoretical studies on CIB in many-body systems are rather limited, compared to those on charge symmetry breaking (CSB), since CIB effects do not clearly appear in mirror states with T=l/2. Auerbach et al. calculated energy differences of isobaric analog states (lAS) in four nuclei, including both CSB and CIB interactions. 20 > Along this line, Suzuki et al. studied lAS of doubly closed shell nuclei from 4 sCa to zosPb, and showed that the observed mass dependence of energies of lAS is well described by the pp, Pn and nn potentials which were respectively determined to reproduce the experimental scattering lengths and effective ranges, in addition to the electromagnetic interactions. 21 > Analyses of the mass shifts of isospin multiplets in many-body systems have been reported in several theoretical papers. 22 >-31 > Kahana pointed out a requirement of charge-dependent forces in order to explain energies of T=l states in 1 sF, relative to those of T=l states in other A=18 systems. 22 > Sherr and Talmi determined matrix elements of charge-dependent interactions empirically for d3 1 z-shell . nuclei. 23 > This method has been employed for /712-shell nuclei, 24 >' 25 > for nuclei in the d3 12 , ds 12 and / 712 -shells separately, 26 > and for some sd -shell nuclei.27l Lawson made extensive studies on various CSB and CIB effects in the p shell. 2 s> Recently, Ormand and Brown determined empirical isospin-nonconserving interactions (both CSB and CIB) in several mass regions from the P shell to 1712 shell, based on large-scale shell model calculations. 29 > The study on the isospin-nonconserving interactions in the sd-shell nuclei has been extended by the present authors. 30 >' 31 > Most of these studies for many-body systems mentioned above either determined ClB interactions empirically, within a simplified shell model, or dealt with a limited number of nuclei.
This paper aims at an extensive and systematic investigation of nuclear ClB interactions in many-body systems (sd-shell nuclei) by analyzing the Tz 2 term of the isospin multiplet mass equation (lMME). 32 > A theoretical estimate of CIB in manybody systems depends largely on nuclear wave functions, which involve some uncertainties. It is, therefore, very important to rely on a systematic analysis in order to discuss characteristic features of nuclear ClB interactions, especially in removing large contributions of the Coulomb interaction. We take into consideration isospin multiplets ( T ::2:: 1) available in the whole sd -shell region. Further, we employ not only empirical CIB interactions but also the realistic interactions suggested by the NN interaction in meson theory. The mass shifts of the isospin multiplets are evaluated in first order perturbation with nuclear wave functions with a definite isospin quantum number. Namely, all CIB effects, including differences between proton and neutron single-particle wave functions, are considered to be represented by the CIB interactions.
The procedure of the shell-model calculation of the mass shifts is explained in § 2. The calculated results for three choices of nuclear CIB interactions are presented and discussed in § 3, with an emphasis on the realistic OPE and TPE potentials supplemented with a phenomenological CIB potential. Implications of the CIB interactions in 3 P states are briefly mentioned in § 4. A summary of the present study is given in § 5. § 2.
Shell-model calculation of CIB interactions
The masses of members of an isospin multiplet are well described by the IMME,
E(v, T, Tz)=a(v, T)+b(v, T)Tz+c(v, T)Tz
where v represents the quantum numbers which specify the multiplet, except isospin T and its third component Tz. We are interested in the coefficient c(v, T) which arises from CIB interactions. The c coefficient can be evaluated in first order perturbation with a nuclear wave function which has a definite isospin quantum number,
Here, the matrix element is reduced with respect to isospin, and An analysis of nuclear CIB interactions in many-body systems relies on the 354 (4) 268 (4) 209 (4) 240 (1) 231 (3) 186 (6) 198 (10) 163 (8) 203 (8) 248 (3) 235 (1) 229 (3) 316 (2) 282 (2) 234 (2) 228 (3) 229 (3) 180 (3) 177 (3) 225 (2) 221 (1) 219 (1) 189 (0) 303 (2) 264 (2) 232 (2) 238 (2) 210 (0) 171 (3) 173 (3) 139 (3) 184 (3) 180 (4) 173 (3) 213 (5) 215 (0) 211 (1) 282 (3) 244 ( 196 (6) 167 (6) 149 (6) 231 (6) 202 (8) 209 (1) 207 (0) 218 (5) 198 (1) 284 (2) 236 (2) 197 (2) 238 (3) 198 (1) 146 (6) 214 (12) 188 (12) 220 (15) 127 (15) 201 (1) 198 (1) 211 (1) 284 (4) 199 ( 33 J The ratio of the fitted nw to the global systematics is finally simulated by a linear+Gaussian function of mass number A, which approximately reproduces the mass dependence obtained in the above-mentioned procedure.
The charge-dependent interaction is assumed to consist of two terms
Here, Vc< 2 J is the Coulomb potential multiplied by the isospin projection operator,
and the second term represents nuclear CIB interactions, which is defined here as
The c coefficient of IMME accordingly consists of two terms, c= c( Vc) + c( VN). Three choices of vN< 2 J are attempted, and they are referred to as Calculations I, II and III.
The nuclei in the beginning of the sd-shell (A:o;:21) seem to suffer considerably from excitation of the 16 0 core, which is not taken into account in the present calculation. We have, therefore, performed two sets of calculations, one for 64 multiplets in the mass range 1S:o;:A:o;:38 and the other for 52 multiplets in 22:o;:A:o;:38. In the text we present results obtained in the latter calculation, and root-mean-square (rms) deviations of both calculations are compared in Table II . The rms deviation is defined in this paper by the deviation per multiplet. The squared deviations are summed with weights which are proportional to the inverse of the squared experimental uncertainty of the c(v, T)-value, and an "error" of 3 keV is added artificially to the uncertainty in quadrature for each multiplet, in order to prevent the rms deviation from being too much sensitive to multiplets with very small uncertainties. the magnitude decreases as the angular momentum increases. The interactions are thus expected to be repulsive ( vN< 2 l >O) and short-ranged, being consistent qualitatively with the experimental and theoretical results for Llacm of the low-energy NN scattering.
Calculation-!:
The first calculation is performed by treating two-particle matrix elements of vN< 2 l as free parameters in a least-squares fit. An explicit form of vN< 2 l is not assumed. This is an extension of the previous calculations in the pure configuration. 23 l-26 l In the present full sd -shell calculation, however, there are thirty independent matrix elements <hhl vN< 2 llhj4>T=1,], where j;=Odst2, 1s112 or Od312. They are assumed to be dependent on the nuclear mass number as A -o. 3 as the Wildenthal interaction. 37 l The least-squares fit yields an rms deviation of 5.3 keV, though the individual two-particle matrix elements of vN< 2 l are poorly determined because of the large number of parameters. This is the best fit that can be achieved, since all possible degrees of freedom in the sd shell are optimized. The deviations of c( VN) from c(exp)-c( Vc) would be due to the assumptions involved in the calculation. The rms deviation of Calculation-! is thus a measure of uncertainties in the nuclear wave functions and in consequence those in the subtraction of the Coulomb contribution.
Calculation-If:
Ormand and Brown determined empirical isospin-nonconserving interactions in several mass regions. 29 l In the sd-shell region, the nuclear CIB interaction is represented by charge-independent Wildenthal interaction ( Vw)3 7 l multiplied by the isospin projection operator which guarantees the isotensor character,
where Sw is introduced in order to adjust the interaction strength. The two-particle matrix elements of Vw are assumed to have the mass dependence Vw(A) = Vw (18) We extend the least-squares fit calculation to the whole sd -shell region. Keeping the strength of the Coulomb interaction unchanged (Sc=1), we obtain Sw=( -5.23 ±0.14)X10-2 with an rms deviation of 10.2keV. A similar quality of agreement is obtained for the large body of fitting data, the 52 (64) multiplets, compared with the 26 multiplets of Ref. 29) . Systematic large deviations are not observed in the beginning. of the sd -shell, where the 16 0-core excitation is expected to be important. An alternative fit, in which both interaction strengths are optimized, leads to an essentially identical result, Sw=( -5.16±0.27) X 10-2 and Sc=l.OO±O.Ol.
The parameter Sw is the overall strength of the nuclear CIB interaction relative to that of the charge-independent interaction. The optimized values of Sw mean that Vpn is, on average; more attractive than Vpp (or Vnn) by :::::::2.5%. This is compared with the 1 So-state NN scattering results. It is found in Calculation-III that the matrix elements of nuclear CIB interactions arise mostly from the relative 1 So state, though two nucleons in the many-body systems can interact also in other channels.
Calculation-III:
In this calculation, we take the CIB terms of OPEP and TPEP. The latter is the difference between TPEP for the charged pion and that calculated with the mass [(mi•+mio)/2]1! 2 , and the field theoretical potentials of Partovi and Lomon 7 > are adopted. The TPEP consists of various terms, which are given by rather complicated integrals: central potentials both spin-independent and spin-dependent, and tensor and spin-orbit potentials. Since the CIB terms of OPEP and TPEP do not fully account for the experimental scattering length .daciB, we supplement with a phenomenological interaction, which is expected to represent other CIB effects such as the TCY and TCp exchanges. Namely, the nuclear CIB interaction is (8) The phenomenological interaction is assumed to be a spin-independent central potential of Yukawa form, v;
(2) -j2 e-mr phenmr ' (9) and we require that the experimental scattering length .daciB=5.85 fm is reproduced by the interaction together with the OPEP and TPEP.
The scattering length and effective range in the coordinate-space Bonn-B potential 5 > is used for the charge-independent interaction. The CIB terms of OPEP and TPEP yield .daciB=4.69 fm and .drcrs =0.111 fm (when only OPEP/TPEP is taken, .daciB=3.77 /1.27 fm and .drciB =0.097 /0.013fmareobtained). In including the phenomenological potential, the calculated .daCIB depends on the strength P and the range m. Varying the potential range m, we have calculated the strength P which reproduces the experimental CIB scattering length, and then evaluated the effective range with the fixed potential strength. The result is shown in Fig. 3 . It is found that the experimental .daciB is reproduced when The Bonn-B potential is used for the charge-independent nuclear interaction. effective range is almost constant, LlrciB;:::::; 0.13 fm. The latter is consistent with the experimental value LlrCIB=0.07±0.12 fm. 5 > The volume integral which is required to give the experimental LlaciB, and the resulting effective range are approximately the same as the above-mentioned values, respectively, for other choices of chargeindependent interactions, such as the Bonn-A potential, 5 > the Paris potential, 44 > and the Reid soft core potential. 45 >. However, because of the large quoted uncertainty of the experimental LlrciB, the effective range cannot be used with the scattering length to fix both strength and range of the phenomenological potential. We take m=3mrr and accordingly P=8.251 MeV. The potential range has been changed in a wide region of mrr~m~7mrr, but the calculated values of c(v, T) are only slightly affected, within 0.5 ke V in the rms deviation.
The calculated values of c(v, T) and their components are listed in Table I , in comparison with experimental data. A comparison is also illustrated in Fig. 2 for the lowest-lying triplets in the A=4n+2 nuclei. In most of the isospin multiplets, especially the triplets (A=4n+2) and quartets (odd-A) with a presumably simple structure, the three types of nuclear CIB interactions contribute additively. The contribution of TPEP is approximately 20% of that of OPEP, and the phenomenological potential gives rise to a contribution comparable with the former.
The rms deviations are calculated with and without the phenomenological potential, and are given in Table II 1 So-state NN scattering at low energies, and reflects the fact that the matrix elements of the short-range nuclear CIB interactions arise mostly from the relative S state also in the many-body systems. The inclusion of the phenomenological potential results in a considerable reduction of rms deviation by about 5 keV.
There is a significant difference in the rms deviation between the two sets of calculations. This is traced to the large disagreements for the multiplets in the beginning of the sd shell. In fact, the 12 multiplets share about a half of the sum of squared deviations for the 64 multiplets. The right-most column of Table I indicates that the four triplets in A=22 systems have also large disagreem~nts between the experimental and theoretical values (see also Fig. 2 ). If we exclude those multiplets with A~22, the rms deviation for the remaining 48 multiplets is further reduced to below 10 ke V.
The large disagreements mentioned above are in a sharp contrast to the result of Calculation,II, in which no systematic deviations are found for the multiplets in the light sd-shell nuclei (A~22). The better agreement in the latter calculation is achieved mainly by the assumed mass dependence as A -o.
3 , which means larger two-particle matrix elements for lighter nuclei, and partly by the determination of the interaction strength in a least-squares fit procedure, whereas Calculation-III is parameter free. This implies that core-excitation effects are renormalized in an effective interaction by enhancing the interaction strength. Another possible origin of the large disagreements in Calculation-III might be an underestimation of the oscillator energy constants of the nuclei in the beginning of the sd shell, since the eigenvalues of the Woods-Saxon potential are sometimes positive (i.e., continuum states, but discretized in the Woods-Saxon calculation) for d312 protons and in consequence the charge radius for the valence protons is overestimated. § 4. CIB in 3 P-states
Compared to the 1 So-state NN interaction, CIB in higher partial waves is not known well. Recently, Witala and Gl6ckle 17 l introduced modifications of the Bonn potential in spin-triplet P states, within ambiguities in the NN phase-shifts, in order to remove persistent discrepancies in the low-energy nucleon-deuteron analyzing powers, which are known to be sensitive to the 3 P-state NN interaction. They simply multiplied the 3 P potentials by artificial strength parameters A (see Table II 3 P states with the nuclear CIB interactions adopted in the present work (Calculation-III).
The strength of the nuclear CIB interactions is compared with that of a chargeindependent interaction, for which we take here the Bonn-B potential, by matrix elements in a basis of oscillator wave functions with no radial nodes. The ratio, LIAcm, is shown in Fig. 4 = -0.02~ -0.03, as naturally expected, and is almost constant in the wide range of nw, though the matrix elements change by a few orders of magnitude. The CIB effects depend more on nw in the 3 P channels. LlllcmCS H) and LlllcmCS H) decrease with nw at short distances, and are small, except for the former at long distances. A large CIB is expected in the 3 Po channel. However, it should be noted that the sign of LlllcmCS Po) of this calculation is opposite to that of the CIB introduced in Ref. 17) .
(The rapid increase of LlllcmCS Po) near nw=20 MeV may be due to the calculation in the oscillator basis, since the 3 Po matrix element of the Bonn potential becomes small there by cancellation between the tensor and spin-orbit interactions.) A definite conclusion would be drawn on CIB in the 3 P states, after effects of the Coulomb potential are correctly treated in, for example, the analysis of the nucleon-deuteron analyzing powers.
The distinctive features between the 1 So and 3 Po states originate from the tensor interaction of OPEP. This is shown in Fig. 5 . Only the central interaction contributes in the 1 So state, while the tensor interaction also survi~es in the spin-triplet state. The central potential of OPEP consists of two Yukawa potentials with the different ranges, corresponding to the pion masses mrro and mrr±. They cancel each other to a large extent, and there appears a sign change at r ::::::: 3 fm. On the other hand, the cancellation occurs to a much less extent in the tensor interaction of OPEP, and therefore it gives rise to a larger contribution than the central interaction in the spintriplet state. In fact, the CIB in the 3 Po state comes almost completely from the OPEP tensor interaction. The 3 Po matrix element of the charge-independent Bonn potential is also dominated by the tensor component, and the spin-orbit component becomes relatively more important when two nucleons come close to each other. From this consideration we expect that Llllcm is negative and rather small in singlet-even states. On the other hand, in triplet-odd states, including off-diagonal ones such as The nuclear CIB interactions have been studied by a systematic analysis of the masses of isospin multiplets, the c(v, T) term of IMME, in the whole sd-shell region. It is indicated that a charge dependence is required for nuclear· interactions, in addition to the Coulomb (electromagnetic) interaction, in order to explain the observed CIB in the many-body systems. The least-squares fit calculation with a phenomenological interaction (Calculation-H) implies that the proton-neutron interaction is more attractive than the average of the like-nucleon interactions by about 2%-3%. By an alternative calculation with the realistic interaction in meson theory (Calculation-III), we have shown that the charge-dependent terms of OPEP and TPEP, which originate from the mass difference between the charged and neutral pions, account for about 70%-80% of the difference between the experimental c(v, T)-value and the Coulomb contribution. These findings are consistent with the experimental and theoretical results on the CIB of the scattering length in the 1 So state.
state. The present study thus confirms the characteristic features of the nuclear CIB interactions in the 1 So state. Applying the realistic nuclear CIB interaction which is successful in the S state, we have estimated effects of the interaction in higher partial waves. In singlet-even states, we expect a CIB similar to that in the 1 So state, in both sign and strength relative to the charge-independent nuclear interaction. On the other hand, the CIB tensor potential of OPEP plays a decisively important role in triplet-odd states. 
